The conventional 12-lead electrocardiogram (ECG) has limited value for assessing the etiology of cardiac symptoms. Approximately 2% to 10% of patients with coronary artery disease (CAD) and acute myocardial infarctions (AMI) are missed by this method. 1 New research on ECG devices with increased numbers of leads shows that enlarging the sample area of the ECG can improve diagnostic capability. One of these methods is a technology known as a body surface map (BSM). 2 The 80-lead BSM is an innovative technology that comprises 80 unipolar signals: an anterior surface of 64 electrodes, including limb leads and central terminal, and a posterior surface of 16 electrodes. 3 Studies have shown that the 80-lead BSM demonstrates This retrospective study assesses the feasibility of using an 80-lead body surface map (BSM) rather than the conventional 12-lead electrocardiogram (ECG) with exercise stress echocardiograms. A total of 122 patients comprised an 80-lead BSM group (n = 50) and a 12-lead ECG group (n = 72). Both groups had comparable mean maximum predicted heart rates (PHR) and image acquisition periods (P for both groups was < .0001). However, image acquisition in the 80-lead group had a time lapse twice the duration than the 12lead group (P ≤ .0001). As a result of this delay, images acquired in the 80-lead group occurred below the required 85% PHR and was 8% lower in heart rate than the 12-lead group (P ≤ .0001). Although the 80-lead BSM has diagnostic potential, it causes significant delay of the acquisition process postexercise and could impair the diagnostic utility of exercise echocardiography.
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Key words: echocardiography, stress echocardiogram, body surface map, 80-lead, 12-lead electrocardiogram increased utility for CAD and AMI detection when compared to the conventional 12-lead ECG. 4, 5 Overall sensitivity for AMI detection is approximately 90% to 95%, whereas sensitivity of the 12lead is only 45% to 69%. 6 With a larger sampling area, the 80-lead BSM offers clinical potential beyond the conventional 12-lead ECG.
The focus of previous studies was enhancing detection of cardiac disease with the 80-lead BSM as a single modality. It has been shown that detection of CAD is improved when electrocardiography and echocardiography are used in combination with exercise stress tests. Together, these modalities have greater utility than either modality used singly. [7] [8] [9] A current research study is evaluating whether use of the 80-lead BSM with echocardiography can improve diagnostic accuracy of stress tests. 10 The protocol of the 80-lead BSM requires recordings at rest, peak exercise, and recovery; each recording requires 10 seconds or more. The peak recording has a direct effect on echocardiographic imaging postexercise and can impose acquisition delay. This effect has not been formally evaluated in prior studies.
Although the 80-lead BSM is promising, this direct effect on the methodology of performing an exercise stress echocardiogram (ESE) requires evaluation. The question posed in this study is as follows: do echocardiograms acquired alongside the 80-lead BSM stay within diagnostic limits? These limits include acquisition at, or above, 85% of the participant's maximum predicted heart rate (PHR) for less than 90 seconds postexercise. 11 The proposed hypothesis is that the use of the 80-lead BSM will cause a significant delay in the acquisition of echocardiographic images postexercise and, as a consequence, will affect diagnostic values of stress echocardiograms. Therefore, the purpose of this study is to assess the feasibility of using the 80-lead BSM with stress echocardiography.
Materials and Methods
This retrospective study constituted of 144 patients who were recruited at the University of California Davis Medical Center (UCDMC) Echo and Stress Laboratory during a 10-month period by referrals for standard ESE to assess for CAD. Participation criteria included referral for a standard ESE, age older than 18 years, and the same criteria as standard stress tests. Standard stress test exclusion criteria were applied as well (Table 1) . 12 All patients gave informed consent. The study group, called the 80-lead BSM group, consisted of 72 participants. Seventy-two random participants comprised the 12lead ECG group (see Table 2 ). Twenty-two participants in the 80-lead group had poor image quality ESE or incomplete data for exercise cessation and/or image acquisition real time; as a result, these participants were excluded from the study. None of the ESE of the 12-lead ECG group was considered of poor image quality, nor were any data incomplete.
STRESS ECHOCARDIOGRAMS
All stress echocardiograms were performed using the Hewlett Packard Sonos 5500 (Andover, MA) or Acuson Sequoia C-256 (Mountain View, CA) with a 4.0-to 2.5-MHz phased-array transducer. Sonographers, registered as RDCS and/or with more than 10 years of experience, performed all studies. Standard imaging planes were used to document left ventricular cardiac function-parasternal long axis, parasternal short axis, apical four chamber, and apical two chamber-before and immediately after exercise. Rest is defined as the period prior to exercise, 13 and stress is defined as the period of which maximum heart rate (MHR) is achieved at no less than 85% of the PHR based on age. 11 To further limit data error, left ventricular cardiac function had to be discerned with wall motion and endocardial borders definable and conditions adequate. 14 
12-LEAD ELECTROCARDIOGRAM
Trained ECG technicians applied the 12-lead electrodes, performed the ECG recording, and used the Marquette Mac 5K machine (General Electric Medical Systems). Rather than the 80lead BSM completely replacing the 12-lead ECG in the study group, the ECG remained included for the exercise test clinical diagnosis.
Currently, there are no data available suggesting that the 12-lead ECG affects echocardiography during the stress test. Minor adjustments of the leads for imaging through the standard windows have not shown any significant problems in affecting the ECG itself, echocardiographic image acquisition, or utility. The 12-lead ECG has become a standard, or conventional, modality used alongside the ECG for its ability to record during echocardiography and requires no delays or changes in methodology with other modalities used in combination.
80-LEAD BODY SURFACE MAP
Trained 80-lead BSM technicians applied the ribbons and performed the body surface maps and interpretations. The 80-lead BSM (Meridian Medical Technologies, Inc., Columbia, MD) has been described previously. 3 Briefly, from 80 locations on the body surface, this technology simultaneously records cardiac electrical activity. 15 The 80-lead ECG identifies changes in cardiac function that occur outside the limited area of the conventional 12-lead ECG, providing a more complete electrocardiographic assessment. 16 The electrode system is designed as a readily applicable network of vertical "strips" that form a vest around the thorax (Fig. 1 ). Designed to fit all people, it is durable, lightweight, and disposable. The strips have adhesive and hydrogel for easy application in approximately 3 to 10 minutes. 3, 10 The leads network through the strips to a central terminal of the electrode system for accessible recording, which takes approximately 10 to 30 seconds. Recordings are computer generated, resulting in instant colorcoded graphs and printable algorithms. 1, 3 All exercise stress echocardiograms, 12-lead ECG, and 80-lead BSM were performed and completed at the UCDMC Echo and Stress Laboratory. The study protocol was approved by the UCDMC institutional review board. Participants, who did not have a previous standard echocardiogram in the 6 months preceding the ESE, underwent a complete study.
Each complete procedure took approximately 30 to 50 minutes: (1) the resting echocardiographic images were acquired by the sonographer; (2) the BSM strips were applied on the designated thoracic and limb locations (in the study group only); (3) the conventional ECG leads were applied and connected with minor or little adjustment to location (recording was continuous throughout the examination); (4) the resting BSM recording was performed prior to the start of the exercise portion of the test; (5) the participant underwent the exercise stress test using the Bruce protocol; (6) at the PHR, the test was terminated at either the highest level of intensity subjective to the participant, at the decrease in systolic blood pressure, or at the onset of symptoms (i.e., chest pain, dizziness, exhaustion, arrhythmias, or signs such as ST segment changes); (7) immediately postexercise, the peak BSM recording was performed at PHR or MHR; (8) the sonographer immediately acquired the ESE images when the participant assumed the left lateral decubitus position on the gurney and the BSM strips in the echocardiographic windows were adjusted; (9) following acquisition of images, the final BSM recording was completed when the participant's heart rate (HR) returned to baseline in the recovery phase; and (10) the echocardiographic recovery images were acquired when necessary (i.e., capture persistent wall motion abnormalities). The 12-lead ECG group underwent standard exercise stress tests without the 80-lead measurements.
The following were noted for each stress test: (1) admitting physician's diagnosis; (2) presenting symptoms; (3) PHR as 100% or 85%; (4) MHR; (5) real time, or actual time, of exercise cessation; (6) echocardiogram real time, or actual time, of image acquisition for each image; (7) echocardiogram acquisition times for rest, stress, and recovery; (8) heart rate in beats per minute (bpm) during acquisition; (9) echocardiographic diagnosis as negative or positive for CAD as well as diagnostic or nondiagnostic; and (10) ECG real time.
HEART RATE ANALYSIS
For HR analysis, PHR was calculated using the equation [(220 -age) × 85%], expressed in HR or percentage, and was determined as the diagnostic limit for stress tests. 11 MHR was determined as the HR achieved with exercise. To determine HR decline during acquisition, the differences in HR were calculated between MHR and first image acquired, as well as MHR and last image acquired, regardless of which standard view was captured first.
ACQUISITION ANALYSIS
For acquisition analysis, all images were acquired digitally, as three-second clips, and reviewed using KinetDx system software. Acquisition timing was determined by the number of seconds postexercise in relation to echocardiographic real time, the actual time images were captured. In addition, images were also evaluated for myocardial function and ischemia based on the acquired cine-loop time and heart rate level to discern echocardiographic diagnostic value for disease and quality of images.
STATISTICAL ANALYSIS
Statistical analysis was accomplished with the use of a statistic program. 17 All data were characterized according to their group: 80-lead BSM and 12-lead ECG. These data were analyzed using univariate statistics and expressed by a mean value ± standard deviation (SD). All time measurements were recorded in numerical hours, minutes, and seconds. The Student t test was used for analysis. A P value of < .05 was considered statistically significant.
Results
In this study, the diagnostic values affected by the methodology used during exercise stress echocardiography in the 80-lead BSM group were compared with that of the 12-lead ECG group. Exercise stress test results showed that there was no significant difference with respect to participants' ability to reach 85% PHR or more-96% in the 80-lead BSM group and 92% in the 12-lead ECG group reached PHR and above. In addition, HR results show that the mean MHR for the 80-lead BSM group and 12-lead ECG group was nearly the same-99% and 97% (P ≤ .0001), respectively (Table 3 ). However, the mean HR at the time of the first acquired image was 82% in the 80-lead BSM group versus 86% in the 12-lead ECG group (P ≤ .0001; Table 4 and Fig. 2) .
Decreases in HR from cessation of exercise to the first acquired image were a mean of 30.9 bpm in the 80-lead BSM group versus a mean of 17.9 bpm in the 12-lead ECG group-nearly double the decrease in HR than the 12-lead ECG group (P ≤ .0001). By the acquisition of the fourth image, the mean decrease in HR from cessation of exercise was 54.5 bpm versus 43.1 bpm of the 12-lead ECG group (P ≤ .0001). For the 80-lead and 12-lead groups, decreases in bpm during acquisition, from first to fourth images, were comparable: 23.6 and 25.2 bpm (P ≤ .0001), respectively (Table 4 and Fig. 3 ). FIG. 2. Demonstration of the decrease in heart rate between the 12-lead ECG group and the 80-lead BSM group. In the 80-lead group, the heart rate dropped by only by 17%, but images were acquired below the diagnostic limit of 85% PHR.
Acquisition results show that the lapse in time between cessation of exercise to the first acquired image was a mean of 19.0 ± 9.4 seconds in the 12lead ECG group versus 36.0 ± 25.7 seconds in the 80-lead BSM group (P ≤ .0001). The lapse between cessation of exercise to the fourth, or last, acquired image was a mean of 69.4 ± 31.1 seconds versus 85.9 ± 27.9 seconds (P ≤ .0001), respectively. Although these acquisition means are within the maximal 90-second period, the time lapse of the 80-lead BSM group was nearly double that of the 12-lead ECG group and near borderline of the diagnostic limit. The duration from the first image acquired to the last image acquired was a mean of 49.9 ± 14.8 seconds in the 80-lead BSM group versus 50.1 ± 26.5 seconds in the 12-lead ECG group (P ≤ .0001; Table 5 and Fig. 4 ).
Discussion
Stress echocardiography is an important imaging method with high utility in detection of CAD and left ventricular function. In addition, it assesses myocardial viability and valve and structural heart diseases. 18 Hence, it is important to complete a highly accurate stress echocardiogram. Diagnostic value is based on three factors: image acquisition above 85% of the PHR, acquisition of stress images less than 90 seconds postexercise, and quality of the images in optimal conditions. 17 Following a stress test, HR declines and occurs rapidly, especially in young, healthy adults. 18 Consequently, workload indications recorded by an ESE will reflect cardiac function at the given time recorded postexercise. A standard of 90 seconds postexercise has been established as the longest acceptable interval postexercise for image acquisition to record ischemic changes. After 90 seconds, diagnostic accuracy falls, and images obtained thereafter will reduce the sensitivity of the ESE. 17 With this said, it is imperative that the sonographer acquires the images immediately postexercise, when the patient's HR is at its peak.
An exception to achieving PHR applies to the occurrence of ischemic changes before 85% PHR is achieved. Echocardiographic recording of these changes will make the ESE diagnostic regardless of PHR percentage. This exception was applied to two participants in the 80-lead BSM group because their ESE or 12-lead ECG demonstrated ischemic changes prior to achieving 85% PHR.
The ECG can also detect these ischemic changes; as a result, it is an important modality as well. It essentially offers diagnostic value complementary to the ESE. The traditional 12-lead ECG itself has yet to show a profound problem when combined with echocardiography in stress testing. In addition, the integrity of ECG algorithms is still preserved with minor adjustment to lead locations. 12 Thus, it is also important to obtain a highly accurate ECG postexercise.
This study has shown that decreases in HR during acquisition and increases in the preacquisition period between cessation of exercise and the first image acquired demonstrate the significance of echocardiographic acquisition delay caused by the 80-lead BSM procedure. Although both study groups reached well above 85% of the PHR, the initial mean HR of the first image acquired in the 80-lead BSM group was less than 85%. In addition, from cessation of exercise to the first image in the 80-lead BSM group, HR had decreased by 17%, whereas in the 12-lead group, the HR decrease was 11%-a 6% difference (Fig. 2) . As a result, the HRs in the 80-lead BSM group were lower at the onset of acquisition, demonstrating a decrease in HR double that of the 12-lead ECG group ( Fig. 3 ). Of note, acquisition duration, from first to fourth images acquired, of both groups was very similar, a difference of only 0.2 seconds between the means for time ( Fig. 4) and a mere 1.6 bpm for difference between means of decreases in HR (Fig. 3) . This finding indicates that sonographers' skill and the acquisition protocol cannot account for the difference in acquisition delay. Our data suggest that although acquisition can occur within diagnostic limits of 90 seconds, the 80-lead BSM protocol significantly delays acquisition to borderline 90 seconds and at HR levels well below the required limit.
CLINICAL IMPLICATIONS
Potential clinical applications of this research are in 80-lead BSM use with exercise testing and noninvasive imaging by echocardiography. Increased utility and user-friendly features, such as the rapid computation of results, portability, and noninvasiveness, are advantages of the 80-lead BSM over the standard 12-lead ECG, but a significant disadvantage of the 80-lead BSM demonstrated in this study is the delay it causes of image acquisition. This is of important consideration to the sonographer because it directly affects not only the diagnostic utility of the test but also the opportunity for the sonographer to capture images while the HR is at, or above, its target. The largest advantage of using the 12-lead ECG during ESE is the prospect that the sonographer can immediately acquire images without any delay once the patient is in position.
The feasibility of the 80-lead BSM to replace the conventional 12-lead ECG would be increased if (1) the participant were able to reach 100% PHR for adequate acquisition of poststress images within the required time period, or (2) the postexercise recording period occurred in the last 10 to 30 seconds of exercise, occurred during the image acquisition process, or was deleted completely. It is possible for recordings to occur during acquisition; nonetheless, possible factors that can affect the 80-lead algorithms include patient habitus, such as breathing pattern and position. If these recording techniques improve, the likelihood of the 80-lead replacing the 12-lead would increase.
LIMITATIONS
There are limitations of this study. First, this study cannot be adequately compared to other studies. Evaluation of the methodology of the 80-lead BSM has not previously been described. Nor have effects on ESE diagnostic values been described. However, the measured variables of this study represent an extension of the current echocardiographic understanding of technical considerations in the use of the 80-lead BSM with ESE. Second, a large number of participants were included in this study (P ≤ .001). It is, however, limited by the overall number of participants positive for CAD. The number of CAD-positive patients can affect the timing of HR results because symptom onset and image acquisition can occur before the PHR is achieved. Therefore, the MHR achieved by a CAD-positive patient with early symptom onset will be lower in comparison to a CAD-negative participant, consequently lowering the mean HR measurement. In addition, this study cannot adequately compare CAD-positive and CADnegative patients due to the small CAD-positive population included. This can be remedied by increasing the number of CAD-positive and overall total patients and by comparing CAD-negative versus CAD-positive participants within the 80-lead and 12-lead groups. Third, although more than half of the participants in the 80-lead BSM group reached 100% or more of the PHR, a large number of the first acquired images were captured at less than 85% PHR. Proper explanation and persuasion regarding the importance of a diagnostic examination will encourage patients to reach 100% PHR or more, a recommendation not evaluated or included in this study. Last, other risk factors related to heart disease that may affect the overall diagnostic quality of the procedure were not evaluated in this study.
Conclusion
This study has shown that the 80-lead BSM, when compared to the 12-lead ECG, causes a significant delay in the echocardiographic acquisition process postexercise that may affect the diagnostic value of the procedure. Although image acquisition with the 80-lead BSM stayed within the diagnostic limits of 90 seconds postexercise, the delay of image acquisition resulted in documentation of workload conditions below 85% of the maximum predicted HR, with the potential to reduce the sensitivity of the ESE. Hence, the 80-lead BSM is not feasible to replace the conventional 12-lead ECG when used in combination with stress echocardiography.
This new technology may be more appropriate to use in other types of stress echocardiographic procedures, such as supine bike or pharmacologic stress echocardiography. Further evaluation should be performed to accurately assess the effects of this new technology on the diagnostic value of these exercise stress echocardiographic procedures.
